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Abstract  26 
We report the production of vertically aligned and interconnected ZnO core/shell nanorods using 27 
pulsed laser deposition (PLD) in a continuous two-step growth process. X-ray diffraction studies 28 
showed wurtzite structure and c-axis orientation with a high degree of verticality. Scanning electron 29 
microscopy showed a characteristic interconnection morphology between the nanorod tips uniformly 30 
present over the entire sample surface area, while transmission electron microscopy revealed 31 
crystalline core/amorphous shell architecture. Strong bands at 98.7 cm-1 and 437.2 cm-1 (wurtzite ZnO 32 
low and high non-polar E2 modes) were the main features of the nanorod Raman spectra, again 33 
showing the high sample quality. Low-temperature PL data exhibited strong I6 emission and 34 
structured green band showing high optical quality. Electrical studies indicated n-type material with 35 
ohmic behaviour. The results are discussed in the context of the advantages offered by interconnected 36 
architectures of core/shell ZnO nanostructures for various applications.  37 
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1. Introduction 48 
       Interconnected architectures of ZnO nanostructures have been attracting 49 
significant attention due to their interesting properties. Notably, such architectures enable 50 
electrical conduction throughout the deposit, without requiring a conductive substrate, and, 51 
thus, offer unique advantages for many applications. One example is of electrical 52 
conductivity-based sensors where the high surface to volume ratio of the nanorod 53 
morphology can be combined with electrical connectivity across the deposit for electrical 54 
detection of analytes [1-4]. Other applications of these structures have been studied in 55 
various fields including sensors, photovoltaics, energy storage, photodetectors, 56 
photocatalysis and photoelectrochemistry. 57 
            For gas sensor applications, Rahmani et al. [5], Ang et al. [1] and Mani et al. [6]
 
58 
have reported hydrothermally-grown interconnected ZnO nanowires and spray 59 
pyrolysis-grown interconnected ZnO nanoplatelets on ZnO- and/or Au-coated glass 60 
substrates, respectively. Hosseini et al. [2,7] have also reported vapour phase transport 61 
(VPT)-grown interconnected ZnO flower-like nanostructures on quartz and Au-coated 62 
SiO2/Si (100) substrates for gas sensors. For UV sensor applications, Gedamu et al. [8] have 63 
reported flame transport-synthesised interconnected ZnO nanotetrapod networks on quartz 64 
and SiO2/Si (100) substrates. For glucose sensor applications, Wei et al. [9] have reported 65 
hydrothermally-grown interconnected ZnO nanorod/Au hybrid nanocomposites. For 66 
photovoltaic applications, Sudhagar et al. [3] and Tanveer et al. [4] have reported wet 67 
chemically-synthesised interconnected ZnO nanorods on fluorine-doped tin oxide (FTO) 68 
substrates and interconnected ZnO nanofibers on ITO-coated glass substrates, respectively. 69 
  
For energy storage applications, Qin et al. [10] have reported partly sacrificed 70 
template-grown interconnected ZnO-Fe2O3 flower-like nanostructures on copper (Cu) foils 71 
while Fang et al. [11] have reported hydrothermally and chemical bath deposition 72 
(CBD)-grown interconnected ZnO/NiO core/shell nanorods on nickel (Ni) foils for lithium 73 
(Li) ion batteries. In terms of UV photodetector applications, Yingying et al. [12] and 74 
Rajabi et al. [13] have reported hydrothermally- and VPT-grown interconnected ZnO 75 
nanorods on ZnO-seeded Si and porous Si substrates, respectively. In terms of photocatalysis 76 
and photoelectrochemistry applications, Wang et al. [14] and Li et al. [15] have reported 77 
CBD-grown interconnected ZnO nanoflowers and nanorods, respectively. This brief review 78 
together with other works [16-22] highlight the interest in, and demand for production, of 79 
interconnected ZnO architectures.             80 
             Core/shell structured nanorods have also been generating interest because of 81 
their enhanced physical, chemical, structural and opto-electrical properties via modification 82 
of the nanostructure surfaces, e.g. [23, 24]. ZnO-based core/shell nanostructures have been 83 
studied for many applications including gas sensors [25], solar cells [26], energy storage and 84 
supercapacitors [27, 28]. In a previous report, Inguva et al. [29] have described a specific 85 
method of catalyst-free pulsed laser deposition (PLD) to produce self-organised ZnO 86 
core/shell nanorods on ZnO-seeded Si (100) substrates. 87 
       Based on the above reviews, it would seem interesting to combine ZnO nanorod 88 
interconnected and core/shell structures into a single architecture that would avail of the best 89 
features of both types of morphology. In this work, we report the production of high quality 90 
interconnected core/shell architectures of vertically aligned ZnO nanorods using catalyst-free 91 
  
PLD on ZnO-seeded Si substrates as part of a continuous two step growth process. We 92 
investigate the structural, surface morphology, luminescence and electrical properties of 93 
these interconnected core/shell nanorods. Potential applications for such nanorod 94 
architectures are also suggested.  95 
2. Experimental details  96 
       Interconnected ZnO core/shell nanorods were grown on ZnO-seeded Si (100) 97 
substrates using PLD. A high power, Q-switched, Nd:YAG laser with the following features 98 
was used: pulse width (6 ns), output wavelength (266 nm), repetition rate (10 Hz), laser 99 
pulse energy (110 mJ) and average fluence (∼ 1.5 J/cm2). The distance between target (a 100 
99.99% pure ZnO sintered ceramic target purchased from PI-KEM) and substrate (cleaved 1 101 
cm × 2 cm pieces of Si (100) wafer) was kept constant at 5 cm. Prior to deposition, the 102 
substrates were cleaned for 15 minutes in both acetone and isopropyl alcohol.  103 
         Before deposition, the substrates were heated to 900 °C for 30 minutes for 104 
surface cleaning i.e. removal/vaporisation of hydrocarbon contaminants and was then cooled 105 
down to 450 °C. In the first stage of the growth process a ZnO seed layer was deposited on 106 
the Si substrates by PLD using 5000 laser shots (~ 80 nm thickness) at a substrate 107 
temperature of 450 °C in an ambient O2 pressure of 100 mTorr. After the seed layer growth, 108 
the substrate temperature was increased to 700 °C at a rate of ~ 12.5 °C /min and then 109 
cooled to 150 °C at a rate of ~ 9 °C /min for a crystalline seed layer. In the second stage, 110 
the interconnected ZnO core/shell nanorods were prepared using the same PLD apparatus 111 
on the ZnO-seeded Si substrates using 40000 laser shots (~ 1.2 µm nanorod length) at a 112 
substrate temperature of 800 °C in an ambient O2 pressure of 600 mTorr. After this 113 
  
nanorods deposition step, the substrate temperature was cooled to 150 °C at a rate of ~ 8.6 114 
°C /min (see [29] for further details). A number of growth runs were performed in the same 115 
conditions and the same nanorod architectures were obtained in each case, confirming 116 
process reproducibility. The rationale for using these growth parameters (substrate 117 
temperatures and oxygen pressures) is based on our previous investigations [30]. For 118 
example, a 450 °C growth temperature for the seed layer provides a better crystalline 119 
substrate compared with 100 °C and 300 °C growth temperatures. Furthermore, growth 120 
parameters such as a substrate temperature of 800 °C and an oxygen pressure of 600 mTorr 121 
were found to yield the best morphology in terms of a uniform nanorod deposit with sharp 122 
and faceted nanorod tips, no cracks in the deposit, and minimal non-columnar growth and 123 
merging of columns [30].  124 
        The structural characteristics were investigated by 2θ-ω x-ray diffraction scans 125 
(XRD, Bruker AXS D8 Advance). The surface morphologies and nanostructures were 126 
studied by scanning electron microscopy (SEM, Carl-Zeiss EVO series) and transmission 127 
electron microscopy (TEM and HR-TEM, FEI Technai G2 S-Twin, operating voltage of 200 128 
kV). Low-temperature (13 K) PL spectra were recorded using a 325 nm He-Cd laser 129 
excitation with a 1 m model SPEX 1704 monochromator. Raman spectra were measured at 130 
room temperature using a Jobin Yvon Horiba LabRAM 800 spectrometer with a 488 nm Ar+ 131 
laser excitation source (laser spot size ~ 1 µm), focused through an 100 × microscope 132 
objective. The electrical properties were studied using a commercial four point probe/Hall 133 
effect instrument (Accent HL5500). In the four point probe system, the four probes were 134 
placed directly onto the sample surface in the Van der Pauw configuration, at the four corners 135 
  
of a rectangular shaped sample. No extra contacts were deposited and/or soldered on the 136 
samples for these measurements. The Hall effect measurements were performed at a fixed 137 
magnetic field of 0.51 T under atmospheric pressure and room temperature conditions.  138 
 139 
3. Results and discussions 140 
3.1 Structural properties  141 
          Figure 1 shows the 2θ-ω XRD scans for both the ZnO nanorod samples and a 142 
c-plane terminated ZnO single crystal wafer (Tokyo Denpa). A dominant ZnO (002) 143 
reflection was seen at 2θ ≈ 34.4º for both samples, corresponding to the ZnO (002) reflection. 144 
A weaker ZnO (004) reflection was also observed for both samples at 2θ ≈ 72.7º. No other 145 
ZnO related peaks were observed in the XRD data. 146 
           The ZnO c-axis lattice spacing and crystallite size values deduced from the 147 
nanorod sample (002) peak angular position (34.4º) and FWHM (0.205º) values were 0.519 148 
nm and 38.7 nm, respectively. The crystallite size was calculated using Scherrer equation 149 
taking into account instrumental broadening effects, see e.g. [31]. The c-plane lattice spacing 150 
value of the nanorod sample (0.519 nm) is very close to that of the ZnO single crystal wafer 151 
(0.520 nm), indicating good crystalline quality of the nanorods and small residual stress 152 
along the c-axis direction. The inset of Figure 1 shows the rocking curve (RC) for the (002) 153 
reflection from the two samples. The FWHM of the RC for the interconnected core/shell 154 
nanorods is 0.86º, which also indicates high crystalline quality in the vertically aligned 155 
nanorods. 156 
 157 
  
3.2 Morphology studies 158 
     The nanorods morphology were studied by SEM, TEM and HR-TEM. Figure 2 (a, 159 
b) show SEM images of the nanorods at tilt angles 0º and 70º. The nanorod tips are clearly 160 
interconnected, and this morphology appears very uniform over the sample surface. The 161 
average nanorod length was ~ 1.2 µm. The SEM images confirm the nanorods verticality, as 162 
previously deduced from XRD observations and also show they are densely packed with a 163 
very uniform interconnection morphology.   164 
      Further details concerning the interconnected core/shell nanorod structure was 165 
revealed using TEM and HR-TEM. Sample regions containing hundreds of nanorods were 166 
mechanically removed from the Si substrate with the help of a blade and mounted on a 300 167 
mesh TEM grid for analysis. The TEM data in Figure 2(c) clearly shows the core/shell 168 
architectures of these interconnected nanorods while the HR-TEM data in Figure 2(d) 169 
confirms the crystalline (cr)-ZnO/amorphous (am)-ZnO core/shell structure, where ZnO 170 
crystalline or amorphous materials are observed in the core or the shell regions, respectively. 171 
Defect sites at the interface of the core/shell regions were also observed (see Figure 2(d)).  172 
 The lower laser pulse energy of 110 mJ and fluence on target of ~ 1.5 J/cm2 used for 173 
growth of the interconnected core/shell nanorods, compared to the value of 150 mJ reported 174 
in [29], may play a role in the formation of the newly observed interconnection morphology, 175 
though further investigation of this hypothesis is required. Previous works by Wang [32] and 176 
Guo et al. [33] have shown significant effects of laser pulse energy on nanorod morphology. 177 
Overall however, the details of the entire growth process, including the exact sequence of 178 
substrate temperature changes, the laser pulse energy, as well as the tendency of ZnO towards 179 
  
self-organisation [34], will all influence the ZnO growth mode and kinetics [35] in a complex 180 
manner which eventually leads to the formation of an interconnected crystalline 181 
core/amorphous shell architecture for the ZnO nanorods.       182 
3.3 Raman spectroscopy studies 183 
          Strong and sharp bands at 98.7 cm-1 and 437.2 cm-1 were observed in the Raman 184 
spectra for the nanorod sample (Figure 3). These bands are attributed to the non-polar E2 185 
vibrational modes of the wurtzite phase of ZnO [36-38]. The E2 (low) mode is associated 186 
with the vibration of the heavy Zn sub-lattice, while the E2 (high) mode mainly involves the 187 
oxygen atoms [39]. Weaker peaks at around 376 cm-1 and 330 cm-1 are attributed to the A1 188 
transverse optical mode and the second order Raman process (E2(high)-E2(Low)), 189 
respectively [40,41]. We have also measured the Raman spectrum of the c-axis oriented ZnO 190 
single crystal wafer. Slight red (~ 0.4 cm-1) and blue (~ 1 cm-1) shifts for the E2 (high) band 191 
and E2 (low) bands of the nanorods were observed in respect of the bulk wafer values of 192 
437.6 cm-1 and 97.8 cm-1, respectively. This may be attributed to the small residual stress 193 
effects of the nanorod tip interconnections on the lattice structure (see section 3.1). The 194 
Raman studies confirm the wurtzite phase with a high lattice structure quality for the 195 
interconnected ZnO core/shell nanorods.  196 
3.4 Optical properties 197 
      The low-temperature PL spectra (Figure 4(a)) for the ZnO nanorods show the free 198 
exciton (FE), surface exciton (SE) and strong I6 bound exciton (BX) emission lines at ~ 3.372 199 
eV, 3.367 eV and 3.361 eV, respectively. This reflects the high optical quality of the 200 
nanorods. Additionally, a distinctive emission feature is also observed at 3.331 eV photon 201 
  
energy in Figure 4(a). Detailed studies [29,42] have shown convincingly that the 3.331 eV 202 
band is attributable to electron-hole recombination at structural defects associated with the 203 
core/shell boundary interface region. Since the present interconnected cr-ZnO/am-ZnO 204 
core/shell nanorods exhibit a similar defect structure at the core-shell interfacial regions, the 205 
same assignment is proposed for the 3.331 eV emission band. In the visible region, a clearly 206 
structured green band with zero-phonon line (ZPL) and its several longitudinal optical (LO) 207 
phonon replicas are observed in Figure 4(b). Such features are attributed to copper impurities 208 
in the ZnO lattice [43]. 209 
3.5 Electrical properties 210 
       Since the present core/shell nanorods are interconnected, we have performed four 211 
point probe measurements in order to investigate their electrical resistivity. In Figure 5, the 212 
linear behaviour of the I-V plot shows that the interconnected nanorods possess ohmic 213 
character. The resistivity of the deposit was measured to be 195 Ω cm with a carrier 214 
concentration of 2.1 × 1015 cm-3 and Hall mobility 49.4 cm2 V−1 s−1. This resistivity value is 215 
linked to the high oxygen pressure value of 600 mTorr used during the nanorods growth 216 
sequence [31,35,44]. It has been shown [35,44] that if the oxygen pressure is high during 217 
deposition, then the concentration of oxygen vacancies is reduced, leading to a decrease in 218 
carrier concentration and hence an increase in resistivity. The resistivity of 195 Ω cm 219 
corresponds to a sheet resistance of 1.5 MΩ/sq and resistance of ~ 3 MΩ, which would be 220 
acceptable for device operation. Similar resistance values in the range ~ 0.01-100 MΩ for 221 
interconnected ZnO nanorods and nanoplatelets films were used in gas sensor applications 222 
[2,6]. For comparison, we also measured the electrical resistivity, carrier concentration and 223 
  
Hall mobility of the previously reported core/shell nanorods and the values were about 360 Ω 224 
cm, 6.5 × 1014 cm-3 and 13.4 cm2 V−1 s−1, respectively. As expected, the resistivity of the 225 
present interconnected core/shell nanorods was lower and, most importantly, their Hall 226 
mobility significantly higher due to the electrically interconnected architecture of these 227 
nanorods.   228 
 229 
4. Conclusions  230 
      We have grown interconnected architectures of crystalline ZnO/amorphous ZnO 231 
core/shell nanorods by catalyst-free PLD on Si substrates in a continuous growth process. 232 
These interconnected core/shell nanorods show good crystalline quality with a high degree of 233 
verticality and excellent uniformity, as well as excellent optical quality. The samples 234 
electrical characteristics would indicate their suitability for a variety of applications, 235 
including in electrical conductivity-based sensing where they could enable electrical 236 
conduction throughout the deposit without requiring a conductive substrate, thus offering 237 
advantages whereby the high surface to volume ratio of the nanorod morphology is 238 
combined with electrical connectivity across the deposit. In addition to the sensing 239 
applications, the excellent optical quality, verticality, uniformity, and closely packed 240 
nanorod surfaces mean that these interconnected core/shell nanorods could also potentially 241 
be used in other applications such as energy storage, field emission, UV photodetectors or 242 
photocatalysis. 243 
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Figure captions  386 
 387 
Figure 1. 2θ-ω XRD scans for interconnected ZnO core/shell nanorods (black line) 388 
and ZnO single crystal wafer (blue line) (the features marked ‘*’ are due to 389 
contaminants). The inset shows the rocking curve scans from the two samples 390 
around the ZnO (002) peak position. Inset uses the same colour scheme as in the 391 
main figure. 392 
Figure 2. SEM (a, b), TEM (c) and HR-TEM (d) images of the interconnected 393 
cr-ZnO/am-ZnO core/shell nanorods. (a): SEM images at 0º tilt (plane view), (b): 394 
70º tilt angles, (c): TEM image showing the core/shell architecture of the nanorod in 395 
a wider view close to the middle of the nanorod, and (d): HR-TEM image showing 396 
crystalline core and amorphous shell architecture of a nanorod at the tip. Inset of (a) 397 
shows the enlarged view of the same image.  398 
Figure 3. Raman spectra in the range 50-450 cm-1 for the interconnected 399 
cr-ZnO/am-ZnO core/shell nanorods (black lines) and a ZnO single crystal wafer 400 
(blue lines). The marked peaks with ‘*’ are Si related Raman features.  401 
Figure 4. Low temperature (13 K) PL spectra for the interconnected 402 
cr-ZnO/am-ZnO core/shell nanorods. (a): near band edge region showing free 403 
exciton (FE), surface exciton (SE) and emission at 3.331 eV, and (b): visible region 404 
showing structured green band emission with zero-phonon line (ZPL) and its 405 
longitudinal optical (LO) phonon replicas.   406 
Figure 5. I-V plot for the n-type interconnected cr-ZnO/am-ZnO core/shell 407 
nanorods.  408 
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